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bstract
Plastic deformation behaviors of Zr52.5Al10Ni10Cu15Be12.5, Mg65Cu25Gd10 and Pd43Ni10Cu27P20 bulk metallic glasses (BMGs) are studied by
sing the depth-sensing nanoindentation, macroindentation and uniaxial compression. The significant difference in plastic deformation behavior
annot be correlated to the Poisson’s ratio or the ratio of shear modulus to bulk modulus of the three BMGs, but can be explained by the free
olume model. It is shown that the nucleation of local shear band is easy and multiple shear bands can be activated in the Zr52.5Al10Ni10Cu15Be12.5
lloy, which exhibits a distinct plastic strain during uniaxial compression and less serrated flow during nanoindentation.
2006 Elsevier B.V. All rights reserved.
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. Introduction
It is well known that plastic deformation in metallic glass
lloys at low temperatures (T < 0.7Tg) is due to the propagation
f shear bands [1]. All bulk metallic glasses (BMGs) show near-
ero ductility in tension, under which loading a sample fails
ollowing the propagation of a single shear band [2,3]. In con-
trained modes of loading (e.g., compression or bending), global
lastic deformation at room temperature is possible [4–8]. The
egree of plastic deformation before failure differs widely from
omposition to composition. Some BMGs (e.g., Zr-, Pt- and Pd-
ased BMGs) show distinct plasticity under compression and
ending, with the associated fracture surface showing a very
haracteristic vein pattern and evidence of high local plastic-
ty arising from instabilities in the band of lowered viscosity.
n contrast, other BMGs (e.g., Mg- and Fe-based BMGs) are
oth globally and locally brittle, showing quite different frac-
ure surfaces and notch toughness less than 5 MPa m1/2 [9–11].
ewandowski et al. has correlated the intrinsic plasticity or
rittleness of BMGs with elastic properties, where BMGs are
∗ Corresponding author. Tel.: +86 10 62541733.
E-mail address: Zhangth@lnm.imech.ac.cn (T. Zhang).
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oi:10.1016/j.jallcom.2006.06.077ntrinsically brittle for the ratio of the elastic shear modulus
o the bulk modulus (μ/B) > 0.41–0.43, or equivalently for the
oisson’s ratio (ν) < 0.31–0.32 [12].
A direct comparison of the plastic deformation behavior in
rittle and non-brittle BMGs will be interesting for a further
nderstanding of the instinct brittleness or plasticity of metal-
ic glasses. However, up to now there is quite less information
vailable on this field due to the very limited plastic strain in
any brittle BMG systems during macroscopic property mea-
urements. Recently, indentation experiments are increasingly
eing used to evaluate the mechanical response of metallic
lasses, due to that considerably larger plastic deformation can
e accumulated in these quasi-brittle materials in a localized
rea around the indented regions [13–16]. Moreover, much
echanical information can be collected from the same sample,
hich not only greatly reduces the effort for sample preparation
ut also reduces the sample for sample variation in property.
uch factors facilitate observation of the mechanisms of plas-
ic deformation under well-controlled conditions. In this work,
e studied the plastic deformation behavior and shear bandingeatures in three BMGs with quite different macroscopic plas-
icity through nanoindentation and macroindentation. The free
olume model was used to describe the plastic flow feature in the
lloys.
and Compounds 433 (2007) 318–323 319
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. Experimental procedure
Cylindrical rods of Zr52.5Al10Ni10Cu15Be12.5 and Pd43Ni10Cu27P20 alloys
ith 3 mm diameter were prepared by melting pure metals in an argon atmo-
phere and suction-casting in a copper mold. Mg65Cu25Gd10 rod with 5 mm
iameter was processed by melting pure Mg with intermediate Cu–Gd alloy
nd chill-casting in a copper mold. Structural characterization was done by X-
ay diffraction (XRD), which proved the amorphous structure of the as-cast
pecimens (not shown here). The uniaxial compressive tests on cylindrical sam-
les of 3 mm in diameter and 6 mm in length were performed in a commercial
nstron-type testing machine at room temperature. The crosshead was moved at
constant speed with an initial strain rate of 1.0 × 10−4 s−1.
The specimens for nanoindentation measurements were mechanically pol-
shed to a mirror finish and tested in a MTS Nano Indenter® XP with a Berkovich
iamond tip. The indentations were performed in load-control mode to a depth
imit of 1m using loading rates from 0.075 to 5 mN/s. At least six indentations
ere made for each test. The subsurface deformation morphology was checked
ith the bonded interface technique [17]. The two mirror polished surfaces were
onded using a high strength adhesive. A careful bonding was made to mini-
ize the bond layer thickness less than 5m. The macro-indentation tests were
erformed with Vickers indenter on the bonded interface as well as away from
t. The indenter was attached to a load cell that was bolted to the bottom of
he crosshead of an Instron 5848 Microforce Tester. The indentation measure-
ents were performed in a displacement-control mode to a load limit of 10 N
ith the loading rate from 15 to 1000 nm/s. After the measurements, the bonded
nterface was opened subsequently by dissolving the adhesive in acetone. Defor-
ation zones observations were performed using a JSM-6400 scanning electron
icroscopy (SEM).
. Results and discussion
Fig. 1 shows the compressive stress–strain curves of three
MGs, measured at the initial strain rate of 1.0 × 10−4 s−1.
r52.5Al10Ni10Cu15Be12.5 BMG exhibits elastic limit of 1.7%,
ield strength of 1780 MPa, and a large compressive plastic
train of about 5.3%. Pd43Ni10Cu27P20 and Mg65Cu25Gd10
MGs exhibit elastic limit of about 1.6% and 1.3%, respec-
ively, and no global plasticity. The compressive proper-
ies of the alloys are summarized in Table 1. The shear
odulus (μ), bulk modulus (B) and Poisson’s ratio (ν)
f the three BMGs taken from Refs. [18–20] are also
isted in Table 1. The ν values of Zr52.5Al10Ni10Cu15Be12.5,
g65Cu25Gd10 and Pd43Ni10Cu27P20 BMGs are 0.356, 0.399
nd 0.32, respectively. While, the ratio of μ/B is 0.32 for
r52.5Al10Ni10Cu15Be12.5 BMG, 0.42 for Mg65Cu25Gd10 BMG
nd 0.22 for Pd43Ni10Cu27P20 BMGs. It can be found from
able 1 that the Zr52.5Al10Ni10Cu15Be12.5 BMG with distinct
lastic strain during compression exhibits a medium value of ν
nd μ/B, while Pd43Ni10Cu27P20 BMG exhibits the highest ν
s
a
S
o
able 1
he mechanical properties of amorphous Zr52.5Al10Ni10Cu15Be12.5, Pd43Ni10Cu27P2
aterial properties Zr52.5Al10Ni10Cu15Be12.5
y (MPa) 1780
lastic strain (%) 1.7
lastic strain (%) 5.3
oung’s modulus, E (GPa)a 95.7
oisson’s ratio, νa 0.356
hear modulus, μ (GPa)a 35.3
ulk modulus, B (GPa)a 110.5
a Data from Refs. [18–20].ig. 1. Stress–strain curves of (a) Zr52.5Al10Ni10Cu15Be12.5, (b)
d43Ni10Cu27P20 and (c) Mg65Cu25Gd10 BMGs under compression at
he strain rate of 1.0 × 10−4 s−1.
alue and the lowest μ/B value among the three BMGs. More
ecently, the flow and fracture mechanism of metallic glasses
as been correlated to the ratio of μ/B or ν value [12,21]. The
ow energy of fracture is related to the high elastic modulus
atio μ/B or the low elastic constant ν, and metallic glasses with
/B > 0.41–0.43 (or, equivalently with ν < 0.31–0.32) are intrin-
ic brittle. However, in this work, the plasticity of the BMGs
oes not exhibit a general correlation to the μ/B or ν value. The
r52.5Al10Ni10Cu15Be12.5 BMG with a medium μ/B ratio of
.32 and ν value of 0.356 exhibits the highest plasticity during
ompression, and the other two BMGs show almost no global
lasticity. To compare the plastic deformation process in these
lloys with quite different plasticity, we studied the deformation
ehaviors in these alloys during nanoindentation.
Load–displacement (P–h) curves of the three BMGs during
he nanoindentation at the loading rate from 0.075 to 5.0 mN/s
re shown in Fig. 2. In this figure, the origin of each curve
as been displaced such that multiple curves can be accom-
odated on each graph. Three BMGs exhibit the serrated
ow depending on the loading rate in the loading process of
ndentation. Slow indentation rates promote more conspicu-
us serrations, and rapid indentations suppress the serrated
ow. The critical loading rates for the disappearance of the
errated flow in Zr52.5Al10Ni10Cu15Be12.5, Pd43Ni10Cu27P20
nd Mg65Cu25Gd10 are 0.075, 1.0 and 1.0 mN/s, respectively.
chuh and Nieh proposed that serrations are associated with the
peration of a single shear band at low rates, while multiple
0 and Mg65Cu25Gd10 alloys
Pd43Ni10Cu27P20 Mg65Cu25Gd10
1816 528
1.6 1.3
0 0
123.1 50.6
0.399 0.32
34.5 19.3
160.1 45.1
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Fig. 2. The typical load–displacement (P–h) curves during nanoindentation
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reasured on at different loading rates for (a) Zr52.5Al10Ni10Cu15Be12.5 BMG,
b) Pd43Ni10Cu27P20 BMG and (c) Mg65Cu25Gd10 BMG. Curves are offset
rom origin for clear viewing.
hear bands are activated simultaneously at higher rates [22].
he much lower critical loading rates for the disappearance in
he Zr52.5Al10Ni10Cu15Be12.5 BMG than that in the other two
MGs indicates that the nucleation of multiple shear bands is
asier in Zr52.5Al10Ni10Cu15Be12.5 alloy. Moreover, the aver-
ge magnitude and number of serrations obviously are different
n the three BMGs at the same loading rate. The number ofompounds 433 (2007) 318–323
errations in Zr52.5Al10Ni10Cu15Be12.5 is higher than that in
he other two BMGs. At the indentation depth of 800–900 nm
nd at the loading rate of 0.075 mN/s, the average magnitudes
f serrations in Zr52.5Al10Ni10Cu15Be12.5, Pd43Ni10Cu27P20
nd Mg65Cu25Gd10 are 6.1, 14.8 and 13.1 nm, respectively.
he appearance of more serrations with smaller magnitude in
r52.5Al10Ni10Cu15Be12.5 BMG during nanoindentation sug-
ests the easier nucleation of multiple shear bands during plastic
eformation. In contrast, single shear bands can propagate suf-
ciently in the Mg- and Pd-based BMGs, which lead to the
rominent serrations with large size. The serrated flow feature
f the Mg- and Pd-based BMGs during nanoindentation agrees
ell with the results of BMGs with similar chemical composi-
ion.
To characterize the shear banding feature of the three BMGs
fter indentation, we studied the deformation region underneath
he Vickers indenter employing the bonded interface technique.
ig. 3 shows deformation region underneath the indenter for
hree BMGs at the applied indentation load of 10 N and the
oading rate of 15 nm/s. The deformation zone of all the three
MGs is hemispherical in nature containing a high density of
hear bands. Both semi-circular and radial shear bands can be
dentified within the deformed zone, and the previous ones are
ominated. Fig. 4 summarizes the variation of the inter-band
pacing for the semi-circular bands, ϕ; as a function of radial dis-
ance away from the indenter tip, χ, for three BMGs at different
oading rates. For Zr52.5Al10Ni10Cu15Be12.5 BMG, ϕ is constant
ith respect to χ, exhibiting an average spacing of 0.87m at
oading rate of 15 nm/s. In contrast, ϕ varies strongly with χ in
g65Cu25Gd10 BMG, increasing from 0.96m at close to the
ndenter to a spacing of 7.94m for the outmost bands. In the
ase of Pd43Ni10Cu27P20 BMG, ϕ shows a weak dependency on
, increasing from about 0.65m to about 1.98m. The average
nter-band spacing in Zr-, Pd- and Mg-based BMGs is 0.87, 0.99
nd 4.06m, respectively, at the loading rate of 15 nm/s. This
ndicates that the high plasticity during compression (Fig. 1) and
he less pronounced serrations during nanoindentation (Fig. 2)
n Zr52.5Al10Ni10Cu15Be12.5 BMG correlate with the formation
f high density of shear bands during plastic deformation. It can
lso be seen from Fig. 4 that ϕ decreases with increasing loading
ate for all the three BMGs. In Zr52.5Al10Ni10Cu15Be12.5 BMG
he average spacing is 0.87 and 0.75m at the loading rate of 15
nd 1000 nm/s, respectively. While for the brittle Mg65Cu25Gd10
MG, ϕ is more sensitive to the loading rate, and decreases
rom 4.06 to 2.36m as the loading rate increases from 15 to
000 nm/s.
To gain further insights into the differences in the plastic
eformation behavior of the three BMGs, we turn to the free
olume theory, in which the formation of shear bands in metallic
lasses is mainly due to the creation and coalescence of free
olume in some local regions. Assuming that the metallic glass
ehaves homogeneously in shear band region, the shear strain
ate is given by Ref. [23]:∂γ
∂t
= τ˙
μ
+ 2f exp
[
−α
ξ
− Gm
kBT
]
sinh
(
τΩ
2kBT
)
(1)
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Fig. 3. Morphology of the subsurface plastic deformation zones after macroin-
dentation for two bulk metallic glasses underneath the Vickers indenter:
(
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Fig. 4. Variation of the inter-band spacing as a function of distance from the
indenter tip, for (a) Zr Al Ni Cu Be BMG, (b) Pd Ni Cu P BMG
a
l
n
[a) Zr52.5Al10Ni10Cu15Be12.5 BMG, (b) Pd43Ni10Cu27P20 BMG and (c)
g65Cu25Gd10 BMG the loading rate of 15 nm/s and maximum load of 10 N.
here ∂γ/∂t is the constant shear strain rate, τ˙ the rate of change
f the applied stress, ξ the concentration of free volume defined
y ξ = vf/v∗ (where νf the average free volume per atom andv∗ a
ritical volume), α a geometrical factor, f the frequency of atomic
ibration, Gm the activation energy, Ω the atomic volume,
B the Boltamann’s constant and T is the absolute temperature.
ccording to Spaepen [24], free volume is created by an applied
hear stress τ and annihilated by a series of atomic jumps, the52.5 10 10 15 12.5 43 10 27 20
nd (c) Mg65Cu25Gd10 BMG at different loading rates and different maximum
oads.
et rate of change of the free volume concentration, ξ, given by
23]:
[ ]{ }
∂ξ
∂t
=f exp −α
ξ
−Gm
kBT
−2αkBT
Sξv∗
(cosh τΩ
2kBT
− 1) − 1
nD
(2)
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[
[13] U. Ramamurty, M.C. Kumaran, Acta Mater. 52 (2004) 181.ig. 5. Plots of the concentration of free volume vs. strain for three BMGs.
where nD is the number of atomic jumps required to annihilate
∗
, S = 2/3(1 + v/1 − vμ), ν the Poisson’s ratio, and μ is the
hear modulus.
Eqs. (1) and (2) are solved numerically with the initial con-
itions τ(t = 0) = 0 and ξ(t = 0) ≈ 0.008. The relevant constants
sed for three BMGs are taken from Refs. [18–20]. Fig. 5
lluminates the concentration of free volume versus strain for
hree BMGs at the same loading condition. It can be seen that
he free volume concentration increases dramatically at cer-
ain critical strain for all the three BMGs. The critical strain
n Zr52.5Al10Ni10Cu15Be12.5 alloy is much lower than that in
he other two BMGs. Furthermore, the peak values of free vol-
me concentration in Zr52.5Al10Ni10Cu15Be12.5 alloy is also
uch lower than that in the Mg- and Pd-based BMGs. This
roves that the nucleation of shear bands and the activation
f multiple shear bands are easier during plastic deformation
n the Zr-based BMG. The easier activation of multiple shear
ands deduced from the free volume model is consistent with
he high number density of shear bands underneath the inden-
er (Figs. 3 and 4), and the low magnitude of serrations during
anoindentation (Fig. 2), as well as the high plastic strain during
ompressive tests (Fig. 1) in the Zr-based BMG. In contrast, the
ucleation of shear bands is difficult in the Mg- and Pd-based
MGs, and the propagation of a single shear band is easy in
hese alloys due to the higher peak value of the free volume.
he difficulty in the nucleation of shear bands is responsible for
he prominent serrated flow during nanoindentation (Fig. 2) and
he premature fracture during compression (Fig. 1) in the Mg-
nd Pd-based BMGs. In addition, by comparing the Pd-based
MG with the Mg-based BMG, we can see that the Pd-based
MG has a lower critical strain for the formation of shear bands
han Mg-based BMG (Fig. 5). This indicates that the Pd-based
MG has a higher intrinsic plasticity than the Mg-based BMG
ue to the relatively easier nucleation of shear bands, though
oth alloys show no global plastic strain during compressive
ests (Fig. 1). This point is also proved by the lower inter-band
pacing in the Pd-based BMG (Fig. 3b and c). The higher con-
entration of free volume due to the formation of shear bands
n the Mg-based BMG (Fig. 5) may also give rise to a strong
[
[
[ompounds 433 (2007) 318–323
tress relaxation in the vicinity of shear bands [25], resulting
n a larger shear band spacing during plastic deformation. This
ase is more prominent at the locations far from the indenter due
o the decrease of stress gradient [26], and tends to form shear
ands with much larger spacing in the Mg-based BMG.
. Conclusion
Plastic deformation behaviors of Zr52.5Al10Ni10Cu15Be12.5,
g65Cu25Gd10 and Pd43Ni10Cu27P20 BMGs are studied by
sing the depth-sensing nanoindentation, macroindentation and
niaxial compression. A distinct plastic strain is observed in
he Zr52.5Al10Ni10Cu15Be12.5 BMG during uniaxial compres-
ion, while no global plastic deformation in Mg65Cu25Gd10 and
d43Ni10Cu27P20 BMGs. All the BMGs in the present study
xhibit a loading rate dependency of serrated flow during nanoin-
entation, wherein the Zr52.5Al10Ni10Cu15Be12.5 BMG shows a
ess prominent serrated flow with the lowest critical loading rate
or the disappearance of the serration. The study of the defor-
ation regions underneath a Vickers indenter reveals that the
r52.5Al10Ni10Cu15Be12.5 BMG exhibits a high number den-
ity of shear bands with the shear band spacing independent of
he location. Whereas in the other two BMGs, especially in the
g65Cu25Gd10, the number density of shear bands is quite low
nd the shear band spacing depends strongly on the location.
he difference in the plastic deformation behavior of the three
MGs can be explained a numerical calculation based on the
ree volume model.
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